We propose, in this paper, to evaluate the theoretical limits of the thermodynamic efficiency of 
Classification of reaction heat storage

54
In the literature, thermochemical heat storage is employed for a family of reactions involving both, 55 physical and chemical processes. A tentative of classification is given in [18] and is presented in and can lead to misunderstandings. Then, we propose, in this section, to derive a classification of 58 thermochemical heat storage based on a physical phenomena typology. We deliberately limit the 59 classification development to heterogeneous 1 reactions as homogeneous reactions are seldom used for 60 thermal energy storage.
61
Let's first define sorption: according to [19] , sortpion is the process by which a substance (sorbate) is 62 sorbed (adsorbed or absorbed) on or in another substance (sorbent). The process can be caused by physical Physical sorption can be split into absorption and adsorption:
82
• In physical absorption, the mass transfer takes place at the interface between the absorbate and 83 the absorbent. This type of absorption depends on the solubility of absorbate, the pressure and 84 the temperature. The rate and amount of absorption also depend on the surface area of the 85 interface and its duration in time.
86
• Physical adsorption is called physisorption. Physisorption is adsorption in which the forces involved From the previous definition, we propose in Fig. 2 Let's consider the water sorbate heterogeneous chemical sorption reaction process expressed under the following general form:
Basics of chemical thermodynamics
The first law of thermodynamics states that the change in the internal energy of a system ∆U is equal to the sum of the heat gained/lost by the system Q and the work done by/on the system W:
The amount of work of expansion done by the reaction during any transformation is given by:
At constant volume (i.e. W = 0), the heat given off or absorbed by the reaction is equal to the change in the internal energy that occurs during the reaction:
Such configuration is close to closed chemical sorption heat storage systems.
107
At constant pressure, the change in the internal energy occurring the reaction is given by:
Preprints ( Let's introduce the enthalpy of the system H related to the internal energy by:
Then, the heat given off or absorbed during a chemical reaction at constant pressure is equal to the change in the enthalpy of the system:
Such configuration is close to open chemical sorption heat storage systems.
108
The relationship between the change in internal energy and the change in enthalpy, assuming an ideal gas, is given by:
where R = 8.31 J K −1 mol −1 and ν the stoichiometric coefficient defined in Eq. 2. For a temperature 109 of 273.15 K,, R × T = 2.27 kJ mol −1 . This value is very low compared to heat of reaction given per 110 mole of water 2 , less than 4%, and then can be neglected. Consequently, it is possible to assume that the 111 change in internal energy is more or less equal to the change in enthalpy. 
Enthalpy of reaction
113
For the reaction given in equation 2, dn H 2 O , dn A and dn AνH 2 O are respectively the mole variation of water, solid A and solid AνH 2 O. Then, the degree of advancement of the reaction ξ is given by:
The variation of enthalpy can be written under the following form:
where ∆ r H is the enthalpy of reaction at constant temperature and pressure. Of course, for 114 a transformation at constant pressure and temperature 3 , the variation of enthalpy is given by
The standard enthalpy of reaction (denoted ∆ r H 0 ) is the enthalpy change that occurs in a system The enthalpy of reaction for a a temperature T is related to the standard enthalpy of reaction via:
where C is the specific heat of AνH 2 O, A or H 2 O. It is worth mentioning that, usually, the quantity Moreover, the chemical sorption reaction being monovariant, the equilibrium is given by the Clausius-Clapeyron relation:
where P e is the equilibrium water vapor pressure [Pa] and T e the equilibrium temperature [K]. 
Material considerations 124
In the remaining of the study, we will consider only reactions involving temperatures below 125 150 • C which corresponds to a building application [1]. However, the ideas developed in the present 126 paper can be straightforward adapted to other applications or other sorbates.
127
The dehydration of cobalt(II) chloride-6-hydrate (CoCl2.6H2O) was investigated in feature is the basis of the system maximum theoretical efficiency limits. 
System efficiency 137
Concepts
138
The schematic diagram of a perfect sorption thermal battery for energy storage using solid-water The principle of a closed chemical sorption heat storage system is given in Fig. 4 of heat, Q evap . As pressure is higher in the evaporator than in the material, a gas flow occurs. A 150 quantity of heat Q out is then released during the sorption process in the material. 
Thermodynamic Efficiency
160
Whatever the system open or closed, it is important to answer the issue related to the 161 thermodynamic efficiency limit of the heat storage. Basically, the designer of such system must 162 know the thermodynamics limit to evaluate the enhancement possibilities of its prototype.
163
Let's first define Q + as the supplied energy per mole of salt to the storage system and Q − as the recovered energy per mole of salt. The efficiency of the system η is defined, for the sake of universality, as:
This efficiency can also be found as COP in the literature [3] . However, the definition of COP may 
166
The maximum reachable efficiency η max is calculated with the maximum Q − , called Q − max , and, of 167 course, the minimum Q + min .
168
The assumptions used to evaluate the theoretical limits of the energy efficiency are:
169
• Heat losses in the system are not taken into account.
170
• Sensible heat of materials and parts of the reactor are neglected.
171
• The energy taken off or absorbed by the reaction is approximated by the standard enthalpy of 172 reaction.
173
• The equilibrium drop influence is neglected (see [17] ).
174
• Only total hydration / dehydration processes are considered.
175
Given the previous assumptions, if the heat of condensation is not recovered and if the heat of 176 evaporation is energy-free 6 , the trivial efficiency is η max = 1 (see Fig. 6 -
Energy-free means that no additional energy is required for producing water vapor. Considering the previous assumptions, if non-free heat of evaporation, the maximum efficiency becomes (see Fig. 7 ):
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The quantity of energy required to evaporate liquid water per mole of salt is evaluated with:
where L v is the water heat of vaporization in standard conditions taken as 2456 kJ kg −1 and M H 2 O the molar mass of water equal to 18 g mol −1 . Considering data from table 1, and considering that ∆ r H 0 /ν is few varying from one salt to another, the ratio Q evap /∆ r H 0 can be evaluated as:
The previous equation also shows that energy required for evaporation is, at least, 65% of the 178 available energy of reaction! The maximum energy efficiency of the integrated system η max is then 179 varying between 55% and 60% only.
180
Let's now consider the case with a total recover of condensation heat and free-energy heat of evaporation. Then, the energy efficiency becomes (see Fig. 8 ): The quantity of energy (per mole of salt) recoverable from condensation is evaluated by:
Then, the energy efficiency of the system is evaluated via the simple equation:
The maximum theoretical energy efficiency of the system is about 1.8, whatever the salt! This • Energy required for evaporation of water is, at least, 65% of the available energy of reaction.
188
• For a perfect system, the maximum theoretical energy efficiency of the system is about 1.8.
189
The previous conclusions don't depend on the adsorbent material considered. Then, a special 190 attention must be paid from a system point of view for:
191
• Developing water evaporation system "energy-free" or low-energy for the discharging phase.
192
• Developing or using water condensation recovering systems: examples of such recovering 193 systems are the cascaded thermal battery [25, 26] or the integration of a heat-pump.
194
Of course, these theoretical limits remain valid for the operating conditions given in this work 195 and further studies must be carried to extend the conclusions to higher temperature storage. Moreover,
196
numerical modeling is also under investigation to evaluate the potential improvement of the system 197 integrated in the building.
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